Theory of the Hall CoefRcient and the Resistivity 
on the Layered Organic Superconductors /€-(BEDT-TTF)2X 
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In the organic superconducting k-(BEDT-TTF)2X compounds, various transport phenomena 
exhibit striking non-Fermi liquid behaviors, which should be the important clues to understanding 
the electronic state of this system. Especially, the Hall coefficient (-Rh) shows Curie- Weiss type 
temperature dependence, which is similar to that of high-Tc cuprates. In this paper, we study 
a Hubbard model on an anisotropic triangular lattice at half filling, which is an effective model 
of «;-(BEDT-TTF)2X compounds. Based on the fluctuation-exchange (FLEX) approximation, we 
calculate the resistivity (p) and Rn by taking account of the vertex corrections for the current, 
which is necessary for satisfying the conservation laws. Our theoretical results _Rh oc and 
cot6'H oc explain the experimental behaviors well, which are unable to be reproduced by the 
conventional Boltzmann transport approximation. Moreover, we extend the standard Eliashberg's 
transport theory and derive the more precise formula for the conductivity, which becomes important 
at higher temperatures. 

PACS numbers; 74.70.Kn, 72.10.-d, 74.20.-z, 75.50.Ee 



I. INTRODUCTION 



It is well-known that the superconducting organic com- 
pound K-(BEDT-TTF)2X systems exhibit rich variety of 
ground states, through the strong correlation effects be- 
tween electronsEJ. For example, X=Cu[N(CN)2]Cl salt is 
in the antiferromagnetic (AF) insulating phase in a low 
pressure region, P < 200bar. With increasing the pres- 
sure, it changes to the superconducting (SC) phase at 
the transition temperature = 13K through the weak 
first-order transition, and the SC phase disappears under 
P > lOkbar. Above Tc, 1/TiT cx T'^ is observed for a 
wider range of temperatures, which reflects the growth 
of the AF fluctuations as the temperature decreasesH. 
Thus, it is natural to consider that the AF fluctuation is 
the origin of superconductivity. 

Recently, several theoretical works on k-(BEDT- 
TTF)2X system were done by using the fluctuation- 
exchange (FLEX) approximation, which is a kind of self- 
consistent spin-fluctuation theory. They showed that the 
d-wave like superconductivity is induced by the strong 
AF fluctuationstTEl. Moreover, characteristic features 
of the experimental ptcessure-temperature phase diagram 
were reproduced wellolj. 

In this system, various transport phenomena above Tc 
also show interesting non-Fermi liquid behaviors. Re- 
cently, the temperature dependence of the resistivity (p) 
and the Hall coefficient {Rh) for X=Cu[N(CN)2]Cl were 
measured precisely above Tc under P = 4.5 ^ lOkbar 
in RefE. According to the measurement, the approxi- 



mate relations p oc T and i?H cx: T ^ are observed for 
T ^30^ lOOK, and the Hall angle cot6'H = (axx/^cr^y) 
is proportional to well. In other measurement on 
X=Cu[NCS]2, Rh increases by a factor of three op cool- 
ing below 60K at ambient pressure (Tc = 10K)l3. The 
mechanism of these interesting non-Fermi liquid behav- 
iors, which are also observed in high-Tc cuprates, should 
be understood consistently. 

In this paper, we present the theoretical study on both 
p and Rh for k-(BEDT-TTF)2X by using the FLEX ap- 
proximation. Based on the conserving approximation, 
all the vertex corrections (VC's) for the current which 
is necessary to satisfy conserving laws are taken into ac- 
count. We find that the Curie- Weiss like behavior of 
Rh is naturally reproduced by the VC's when the AF 
fluctuations are dominant. On the other hand, the con- 
ventional Boltzmann approximation, which does not in- 
clude any VC's, fails to reproduce the temperature de- 
pendence of Rh- Experimentally, an intimate relation 
between the AF fluctuations ans the transport phenom- 
ena is recognizedQ. 

Note that the effect of VC's in nearly AF iFermiiiquid 
was first studied in high-Tc cuprates by refs.B anclt3, and 
the overall behavior of Rh are naturally reproduced both 
for hole-doped compounds and for electron-doped com- 
pounds. The present study is based on them basically. 
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II. ELECTRONIC STATES GIVEN BY THE FLEX 
APPROXIMATION 



The self-energy in the FLEX approximation is given 

by 



We study the triangular lattice Hubbard model with 
anisotropic hopping parameters {t, t') as shown in the 
inset of Fig. n^, which is-a simple effective model for k- 
(BEDT-TTF)2X systemEl. The dispersion is given by 



= 2t(cos(/cj;) + cos(fcj^)) + 2t' cos{kx + ky), 



(1) 



where we put the lattice spacing 1. We analyze this 
model by using the FLEX method, which is a kind of self- 
consistent perturbation theory. This method had been 
applied to the study of high-Tc cuprates, and vaciaus 
non-Fermi liquid behaviors were reproduced wellc3niJ. 
It has also been applied to th|e-|Superconducting ladder 
compound, Sri4_a;Ca2:Cu2404iLJ. 
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Sk(e„) = T^G'k-q(e„ - uji) ■ Vc^{uJl), 
q,; 



where e„ = (2n + l)i7rT and lui = 21 ■ mT 
tively. By noticing the Dyson equation {Gkfe 



(2) 

(3) 

(4) 
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respec- 



Sk(en), we solve the eqs. ( 



"11"' = 
-(| self- 



consistently, choosing the chemical potential fi so as to 
keep the system at half-filling. Here we use 4096 k- 
meshes and 256-Matsubara frequencies, respectively. 

Here, Xq(0) gives the static spin susceptibihty. Figure 
^ shows the Curie- Weiss behavior of the maximum value 
of Xq(0)j which is proportional to the square of the AF- 
correlation length ^af- The obtained relation c>c 
is known to be caused by the renormalization of the self- 
energy. The FLEX approximation also gives the relation 

(TiT)-i = EkImX^H/^«7^-'- 
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FIG. 1. The Fermi surface of the present model {t' /t = 0.7) 
for U = 9 (full line) and U = (broken line) determined by 
^^{'-'k^(O)} = 0. The long-dashed lines, connecting between 
X and Y for example, represent the AF-zone boundary. The 
hot spots locate on the AF-zone boundary. Inset: the lattice 
structure. 

In the present study we put t = 1 and t' = 0.7, where a 
d-wave like superconductivity is realized at Tc > 0.02 for 
U > 7, and it is replaced by the AF phase for U > lOS. 
Figure ^ shows the Fermi surfaces at half- filling for [/ = 
and [/ = 9.0 at T = 0.02. The Fermi surface is hole-like 
because t,t' > 0. There are two reflection symmetries 
with respect to the (6' = 7r/4)-axis and the (6' = 37r/4)-axis 
m Fig. |l[ We see that the nesting of the Fermi surface 
is strengthened by the deformation of the Fermi surface 
in the case of finite U, which is caused by the real part 
of the self-energy. 



FIG. 2. The maximum value of Xq(0) (oc ^af) for 
[/ = 6 ~ 10. 

Nonetheless Xq(0) for = is incommensurate, it be- 
comes commensurate in the case of C/ > 8 at T = 0.02, 
which is consistent with experiments. This change of the 
shape of Xq(0) is brought by the deformation of the in- 
teracting Fermi surface as shown in Fig. |l|, which can not 
be reproduced by the simple renormalization of t' /& We 
also note that the obtained Xq(0) will be slightly overesti- 
mated at low temperatures because its VC's are neglected 
here. 

Next, Fig. ^ (a) shows the imaginary part of the self- 
energy, 7k = Iml]k(— iO) > 0, along the Fermi surface for 
the region n/A < 6 < 37r/4 for T = 0.02, 0.04, 0.1. 
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The definition of the hot spots and the cold spots are 
given in Fig. |^. In this temperature region, 7k takes 
the minimum (maximum) value at the the cold spot (hot 
spot). A hot spot is separated from its counterpart by 
Q — (tt, tt) in the reciprocal space, and a cold spot is the 
most distant point from the AF-zonc boundary. In the 
present study, the relations 7coid oc T and 7hot oc \/T are 
satisfied because ^af ^ Ak^^ in the frtEX approxima- 
tion, where Ak is explained in Fig. Hp. Note that the 
damping rate of the quasiparticle is given by 7^ — ZkTkj 
where z\^ = {\ — ^ReI]k(w))jlQ is the renormalization 
factor. In the numerical calculation for [/ = 9, 7^^ <, T 
around the cold spots at lower temperatures because 
Zj7^ < 10 there. Thus, quasiparticle can still be defined. 
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A. Derivation of the Total Current Jv.(lij) Based on 
the Conservation Approximation 



In this section, we calculate both a^x and Aaxy based 
on the conserving approxinaation. By using the Kubo 
formula, they are derived aaljliS 



°°^(-^)(|Gk(e)rz;k.(e)Jk.(e) 



Re{Gl{e) ■ vl^ie)} ) , 
2tt 



Sxy{}^, e). 



(6) 
(7) 



5,^(k,e) = |Gk(e)nimGk(e) 



XWka;(e 

+ (x ^ y) 



J-kxii) 



dk,i 



Jky{e) 



dJkx(e) 



dk,. 



(8) 



where /(e) = (exp((e - ^)/T) -f l)-\ and Gk(w + \5) and 
Sk(w-|-i(5) are derived from Gk(ij-'n) and Sk(wn) through 
the numerical analytic continuation. B is the magnetic 
field parallel to the z-axis. Wk^i(w) = g|- (ck + R.eEk(a;)) 
is the quasiparticle velocity, and Jk/i(w) is the total cur- 
rent which contains the vertex correction from 722 in the 
notation of Ref£3. Later, we examine its importance in 
detail. 

As for the resistivity, the second term of eq. (^) is 
neglected in the Eliashberg's transport theory, whose 
derivation is given in §111 C. We call it the incoherent 
part of the conductivity, cTinc, because it is negligible in 
the case of 7^ <^T. As a result, these formulae (^)-(||) 
are valid even for 7^ ~ T. 

In the present study, we solve the following Bethe- 
Salpeter equations for Jk/i(e) after the manner of the 
conserving approximation: 



cth- 



UJ 



2T 



th- 



2T 



xImVk-q(e ~Lj + iS)- |Gk(e)P • Jq^{e) 



(9) 



FIG. 3. (a) 7k = ImEk(-iO), (b) J(k,0) and iT(k,0), (c) 
SxyCk-) and ^^^(k), along the Fermi surface for the region 
7r/4 < e < 3n/A, for U = 9. The locations of the 'hot spot' 
and the 'cold spot' are introduced in Fig. 1. 



III. HALL CONDUCTIVITY BASED ON THE 
CONSERVATION APPROXIMATION 



where we take only the Maki-Thompson (MT) type VC's 
into account, and neglect the Aslamazov-Larkin (AL) 
terms because it has little ccuitributions if Xq(0) tias a 
sharp peak around q = (tt, 7r)Ll; see Fig. ^ Figure ^ (b) 
shows the numerical solution of eq. (||). We see that Jk 
is not parallel to v^. 

On the other hand, in the Boltzmann theory within 
the relaxation time approximation (RTA), Jk/i(e) is sim- 
ply replaced by vi^f^{e) in cqs. (|^)-(|^). It is an insufficient 
approximation fot,jtlic Hall coefficient in nearly AF state 
as shown in Refs.olMJ. 
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FIG. 4. All the irreducible VC's in the framework of the 
FLEX approximation: (a) MT-term, and (b,c) AL-terms, re- 
spectively. 



Now we discuss why Jk shows such an anomalous be- 
havior. Here, we choose an arbitrary point on the Fermi 
surface, k, which locates between two hot spots in the re- 
gion Tr/2 < 9 < TT, and also define that k' = [ky.kx)- (see 
Fig. |l) Then, k-k'«:!( — TT, tt) is satisfied in the present 
system, as shown in Fig. |l|. In the Bethe-Salpeter eq. (||), 
Jk are strongly connected with Jk' through Vk_k' (w) in 
the presence of strong AF fiuctuations. Taking this fact 
into account, the approximate solution of eq. (O) is given 
byll 



(10) 

where ak = (cos(6'j(k) - 6'j(q)))|q_^|^^-i, and 6'j(q) is 

the angle of Jq. According to the definition, ak < 1 and 
(1 — Q!k)~^ oc ^af"- Equation (|l^) means that Jk at the 
hot spots will become parallel to the AF zone boundary 
when ^AF approaches to infinity. In fact,shch a tendency 
is recognized in Fig. |^ (b). Thus, the anomalous behav- 
ior of Jk, which is the result of the multiple scattering 
between and Wk', becomes quite singular when the 
AF fiuctuations are dominant. pAs a result, the RTA is 
strongly violated when ^af 3> 

Equation (M) is rewritten at low temperatures as 



Affxy = B ■ — / dk\\Sxy(k 
4 Jfs 



Sxy{k\\) = (Jk X dJ]f,/dk\\ 

= \M\dejO^)/dk\\)hl 



(11) 



where Jpg dk\\ represents the momentum integration 
along theJermi surface, and dk\\ is parallel to the Fermi 
surfacea't2l. 

Because da]s_/dk\\ = at the cold spot due to the sym- 
metry of this model, (Jk x dJ]^/dk\\)z = (1 — aj)^^ ■ 
(zTk X dv]^/dk\\)z at the cold spot by using eq. (|op. Be- 
cause Aaxy is given mainly around the cold spots in the 



fell -integration of eq. (|1 ![) , we conclude the relation 



Aoxy/Aaly cx^^p cxT ^ 



(12) 



in the presence of the strong AF fiuctuations. Here Aa^y 
is given by replacing Jk(w) with Wk('jj) in eq.(0), which is 



equal to the result of the RTA. As for Aa'^y, the conven- 
tional Kohler's rule Aa^y cx [crxxY is well satisfied in the 
present calculation because the anisotropy of 7k is not so 
extreme. (7hot/7coid is at most 3.) As a result, eq. (|l2) 
leads the relation JJh = {Aaxy/B) ■ oc ^af ^ 
which is recognized in the present numerical calculations 
as shown below. 

The above analysis is confirmed by the numerical re- 
sults of Sxy{k\\) in Fig. | (c). Sly{k\\) is given by 
the RTA. The dominant contributions to Aaxy come 
from the region around the cold spot, Sxy{k\\) for re- 
gion IT /A < 6 < 7r/2 is considerably small because the 
curvature of the Fermi surface is very small there. In 
the present case, both Sxy{k\\) and Sxy{k\\) are positive 
everywhere. It is not the case for high-Tc cuprates; for 
example, th^hange of the sign of i?H is realized in Nd- 
compounds 



B. Numerical Results for Transport Phenomena 

Now, we study both p and i?H for various values of 
U, because the main effect of the applied pressure is ex- 
pected to increases the bc«d width Wh, in other words, to 
reduce the value of [//lyJlJ. At the same time, the value 
of t' /t may be also modified by pressure. This effect is 
not discussed here although the electronic states are-sen- 
sitive to t'/t according to the FLEX approximation^. 

Figure ^ (a) shows the temperature dependences of 
the resistivity p — 1/(Jxx- All the p's show the ap- 
proximate T-linear resistivity, refiecting the T-linear be- 
havior of 7coid- At the same temperature, p increases 
monotonously as U increases. Here, po = l/tr^j. is the 
resistivity without the VC's, which is given by replacing 
Jk(u;) with z/k(w) in eq. (^. We see that p > po due to 
the VC's for the current. 

Here, we comment on the anisotropy of p. In the 
present model, depends on the angle of the /i-axis 
because there is no four-fold rotational symmetry in this 
system. We find that p takes its maximum (minimum) 
value along the {6 = 7r/4)-axis {{9 — 37r/4)-axis), and 
Pmax/Pmin ~ 1-6 with wcak temperature dependence. 

Next, we discuss on the Hall coefficient i?H- As shown 
in Fig. ^ (b), i?H follows the Curie- Weiss like tempera- 
ture dependence, which is consistent with the relation 
(|l^). Actually, both ^af ^ Xq{^) and i?H increase 
monotonously as U increases at the same temperatures, 
(see Fig. |2[) As a result, the large temperature depen- 
dence of i?H in K-(BEDT-TTF)2X salts is reproduced 
well by taking account of the VC's for the current. 

To see the importance of the VC's, we also show 
= (Aa^y/B) ■ pI, which is the result of the RTA: 
We see that i?^ is nearly constant, and i?H ~ J^h 
higher temperatures (T>,0.1) because of Jk ~ Wk in 
this case. We note that dR^/dT is slightly positive for 
T > 0.05, because the curvature of the Fermi surface 
around the cold spot decreases as T decreases due to the 
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growth of the AF fluctuations, (see Fig. Q.) Whereas 
dR^/dT < for T < 0.05 because of the rapid increase 
of the anisotropy of 7k at lower temperatures. However, 
this increase of i?^ is too small to explain experimental 
results. 

Finally, we show cot^n = o-xx/^cr^y in Fig. || (c). All 
the cot^n's are approximately proportional to be- 
low T < 0.05, where both Ra oc and p cx T are 
satisfied approximately. This result is highly consistent 
with experiments reported in Rcf.Q. Similar behavior of 
cot6'H is also observed in high-Tc cuprates. For high- 
Tc cuprates, Anderson claimed that it suggests the non- 
Fermi liquid ground state which possesses two kinds of 
relaxation ratesE3. However, we stress that the relation 
cot^H oc is naturally understood both for k-(BEDT- 
TTF)2X salts and for high-Tc cuprates within the frame- 
work of the nearly AF Fermi liquid. 
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FIG. 5. The temperature dependence of (a) p, (b) _Rh, and 
(c) the cot^H for = 6 ~ 10. We put e = 1 and ?i = 1. 
T = 0.1 corresponds to lOOK approximately. 
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Finally, we discuss the [/-dependence of p and i?H in 
the present calculations, and compare them with the ex- 
perimental pressure dependences. According to the ex- 
periments on X=Cu[N(CN)2]C1LI, as the applied pressure 
increases, (i) p decreases monotonously, (ii) i?H is almost 
unchanged, and (iii) cot^H decreases monotonously. The 
effect of the applied pressure is to increase Wb while 
V is unchanged, i.e., to decrease U/Wb- Moreover, on 
condition that U/Wb is constant, it is easy to see that 



p (X \ Rh (X W^, and cot(eH) oc \ As a re- 



sult, the obtained [/-dependence of p and cot6'H, which 
are shown in Fig. ^ (a) and (c), are consistent with ex- 
periments. On the other hand, the observed weak pres- 
sure dependence of i?H will correspond to the behavior 
for [/ > 8 in Fig. |^ (b). In conclusion, experimentally 
observed pressure effects (i)-(iii) are reproduced in our 
study. 

At last, we comment on the superconductivity: We 
find Tc = 0.024 for [/ = 9 and Tc = 0.004 for [/ = 5 by 
solving the Eliashberg equations. This is consistent with 
the decrease of Tc under pressure observed experimen- 
tally. Roughly speaking, T = 0.01 corresponds to lOK 
because the band- width Wband ~ 0.5eV at ambient pres- 
sure. Although the obtained T^'s is rather higher than 
exjierimental one's, it decreases if we put t' /t larger than 
0.70. 



C. Derivation of dine 

In this subsection, we give the derivation of the second 
term of eq. based on the Fermi liquid theory. We call 
it the incoherent part of the conductivity dine because it 
gives negligible contribution when the quasiparticles are 
well-defined. We call the first term of eq. (g) the coher- 
ent part of the conductivity Ccoh, which iwas derived by 
Eliashberg under the assumption 7^ <C Tlla. 
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According to the Kubo formula, the conductivity is 
expressed by the retarded two-particle Green function 
K^{uj), whose explicit form witiiin the Fermi liquid the- 
ory is given by eq.(9) of Ref.Ej. The first term of eq. 

which was derived by Eliashberg, comes from the 
coherent terms of K^{u!) which include at least one 
(72 = G^G^. Here, we study the contribution from the 
the incoherent part without (72, ^i^ci^)' which has not 
been analyzed previously. Hereafter, we omit the mo- 
mentum variables for simplicity. Kf}^^{LLj) is given as fol- 
lows: 

^ScH = -E /^<A.(e;^)5.(e;c.)A;(e;c.), (13) 

A — 1 rt ^ 

(14) 



X5j(e';^)AMe';w), 



which is shown in Fig. ^(a). Here, gi{e;uj) = Gk{e + uj + 
iJ)Gk(e + i<5), <73(e;^) = {gii^;^)}*, Ai(e;u;) = th(e/2r), 
A3(e;ijj) — — th((e + uj)/2T), and v^^ — de^/dk^, respec- 
tively. The quantities T^.j (e, e'; uj) are given by the prod- 
uct of irreducible four-point vertices Tl^^^\e,e';uj) and 
thermal factors brought by the analytic continuation, 
whose definition is given by eq. (12) of RefEa. (Here- 
after, all the four-point vertices are 'irreducible' with re- 
spect to gi.) We study the conductivity from the incoher- 
ent terms, given by CTinc = lim^^^o lDii^;^^(tj)/ijj, and 
find that it gives a finite contribution when the life-time 
of the quasiparticles becomes shorter. 



(a) KiniW) = 



(b) 



FIG. 6. The diagrams for (a) Kinc{(^), and for (b) (Jinc, 
respectively. 

Now, we derive the w-linear term of lmKf}^^{u!) . 
7i.3(e, e'; oj) {i = 1,3) contains the thermalj—factors 
th((e -I- uj)/2T) as shown in eq. (12) of Ref.N. We 
can check that Kf}^^{uj) given by eqs. (^ and (|l|) 
becomes real quantity when we put cj = (i) in all 
the factors th((e -I- lo)/2T) and (ii) in all the irreducible 
vertices Fij (e, e'; w), by taking account of the relation 

F;(f (e,e';0) = {TfX_^{e,e'-0)Y for = 1,3. This 
means that the w-linear term of Im_fC?^(w) comes only 
from one of (i) or (ii). Because A^(e;a;) contains infinite 
number of Tij = 1,3), we find that 




de f dl 
de 



Re 



{Ai(e;0)gi(e;0)Ai(e;0)} 



47r2 



A,(e;0)A^(e;0)g,(e;0) 



ij = l,3 



x7^,,(e,e')3,(e';0)Ai(e';0) 



(15) 



where Tij{t, e') is defined as the iw-derivation of the ver- 
tex part (Fij) of 7i J- (e, e'; w), and put w = 0. 

As for the second term of (|l5|), Ti j{e,e') given by 
the MT-term vanishes identically. On the other hand, 
the two AL-terms causes the finite contribution for 
lmK^^^{uj). After the long calculation, 7^ i(e,e') in the 
FLEX approximation is given by 



ri,i(ke,k'e') - fi^i(ke,k'e') • th(e72T), 



(16) 



fi (ke,k'e' 



dz dcth{z/2T)^ 
,2^ d'z ' 



Xpq(e' -I- Z) (pk-k'+q(e + Z) - /Ok-k'+q(e - z)) 



x{Wy2)-[lmxL_^,i-z + iS)]\ 



(17) 



where we have used the relation Vk = — f-k in deriva- 
tion, and Pk(w) = — IniGk(i^ + i^)/7r. Other terms which 
do not contribute to txinc are dropped in eq. (0). In 
the same way of deriving eq. (^^, we can show that 
7^,,(ke,kV) = (-l)(^-i)/2 .7ia(ke,k'e') for i,j = 1,3. 

Now, we show that the second term of eq. ( HSh i s 
negligible: It vanishes at T = because Equation ([17]) 
vanishes in this case. (Note that ImXk(O) = 0.) It should 
be much small even at finite temperatures because of the 
cancellation caused by the factor (p(e + z) — p{e — z)) in 
eq. ( p^. By this reason, we consider only the first term 
of eq. (|15|) hereafter. 

As for Ax in eq. (fsh, we can show that 



Re{Ai(0;0)-Ai(0;0)} 
2 . ^ / 47ri 



cth— 
2T 



th^ 
2T 



(-1) 



(j-l)/2 



x(F5i^.(0,e;0)-Fi^^.(0,6;0))g,(e)<„ (18) 

which is proportional to at low temperatures. (Here, 
T^'j is reducible with respect to gi.) Thus, A^(0;0) ap- 
proximately identical to A;|.(0; 0). We have also estimated 
eq. (|l^) numerically by taking only the MT terms into 
account, and find that the difference between them is at 
most a few percent. 

In conclusion, we get the following expression for crinc- 



k 



de 



dl 
de 



xRe{Gl{e + iS)-vUe + id)}, (19) 

which is shown in Fig. ^(b). Here we have used the Ward 
identity Ai(e;0) = <^ + gf^Sk(e + iS) = v^^ie + iS). 
Note that the vertex correction, given by the momentum 
derivative of Ek(a-') appears twice in eq. (119). Thus the 
obtained Cinc gives the second term of eq. (P) . 
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If we can put Gk{e) = Zk/(e + fJ-- ^1 + i7k), eq. (|l|) 
becomes 

where 7^ = 2k7k and — ^kCk, respectively. In the 
case of 7jJ <C T <C Wb, (Xinc ~ is reahzed according 
to eq. ([2^) , while cTcoh 7^}(j. However, such a condi- 
tion is not satisfied in the present calculation as shown 
in Fig. |^(a). At lower temperatures, 7^ <, T is satisfied 
because ^ ^ 10 then, whereas }tT ett higher tem- 
peratures because z^^ decreases as T increases. Thus, 
CTinc is expected to be important at higher temperatures. 
In Appendix A, we show its importance numerically. 



IV. COMPARISON WITH EXPERIMENTS 
A. Effect of Band-Splitting around the Hot-Spots 

In this section, we compare our theoretical results with 
experiments in more detail. Here, we discuss the validity 
of the present results based on the effective model shown 
in Fig. |l|. Precisely speaking, in many (not all) real 
K-(BEDT-TTF)2X compounds, the Fermi surface splits 
slightly around the hot spots in Fig. |l| because a unit 
cell contains two dimers of the BEDT-TTF molecules 
(see Appendix B). In this sense, the present model may 
be too simplified for the quantitative studies. 

However, the mechanism of the enhancement of i?H 
due to the AF fluctuations proposed in this paper is 
surely valid because only the quasiparticles around the 
cold spots plays an important role for transport phe- 
nomena as shown in Fig. ^. On the other hand, i?H 
at higher temperatures may be affected by the splitting 
of the Fermi surface at the hot spots. Thus, our calcula- 
tion based on the dispersion, eq. (Q) , is comparable with 
experiments at least in the lower temperature region. 



B. Effect of Temperature Dependence of the Volume 

Next, we discuss the effect of the thermal contraction 
of the volume, yrhi^H is known to be quite large in various 
organic metals.BE3. For example, (TMTSF)2PF6 at am- 
bient pressure shows p oc T" and n w 2, whereas n w 1 
is concluded |a£ter the effect of the thermal contraction is 
compensatedcj. 

As for X=Cu[N(CN)2]Cl, p cx T" and n |i_2 is ob- 
served below lOOK at nearly ambient pressuresEJS. How- 
ever, n « 1 is realized qualitativelyr,under the constant- 
volume condition according to Ref.l3: In the article, the 
authors used the piston-cylinder clamped cell to make 
pressure, and the oil inside of the cell freezes at-^SOOK, 
which make the volume of the sample constantcil. This 



experimental fact means that n « 2 at ambient pres- 
sure should not be interpreted as the conventional Fermi 
liquid behavior. Note that the non-Fermi liquid behav- 
ior rt « 1 is observed|-H|nder pressure, nonetheless U/Wh 
decreases by pressurecS. 

Thus, the results obtained in our study, p cf,T and 
i?H oc T~^, are qualitatively consistent with Ref.Q, which 
are expected to be the intrinsic behaviors in k-BEDT- 
TTF compounds without the volume contraction. We 
stress that, as for organic compounds, the measurements 
under constant volume condition are highly demanded 
for the comparison with theories. 



C. The Saturation of Rn at Lower Temperatures 

Here, we comment on the saturation of Rn below a 
characteristic temperature T* observed experimentally. 
Around T f^i T*, the 1/TiT also saturates and begins to 
decrease below T*, which is called the pseudo spin-gap 
behavior. This results suggests that ^|^p, or Xq(0), will 
saturates below T*. (We note that many experiments 
for \/TiT are done at ambient pressure, so the volume 
contraction effect may play some quantitative effect on 
l/TiT at low temperatures.) Thus, the analytical re- 
lation in our work, i?H cx ^^F' i^ consistent with these 
experiments. 

However, i?H of our numerical calculation in Figs. ^ 
does not saturate: This is because the FLEX approxima- 
tion does not reproduce the saturation of below T*, 
which is a significant future problem. One of the possible 
mechanism for it will_hfi the precursor effect of super- 
conductivity below T*EEl. Finally, we point out that i?H 
begins to decrease on cooling below T* in under-doped 
high-Tc cuprates, whereas it takes a saturate value at 
lower temperatures in X=Cu[N(CN)2]C]l!l. 



V. CONCLUSIONS 

In this paper, we have presented the theoretical study 
for the resistivity and the Hall coefficient of the k- 
(BEDT-TTF)2X salts. ReferenceQ point out some exper- 
imental evidences that there anomalous behaviors haice 
close connection with the grows of the AF fluctuationscZl. 
According to our theory, the Hall coefficient follows the 
relation i?H oc cx in nearly AF Fermi liquid 

state, which is consistent with the experiment under the 
constant volume conditionEI. This anomaly of i?H, which 
can not be reproduced by the RTA, is found to come from 
the VC's for the current which is indispensable to satisfy 
the conserving laws. 

Moreover, based on the Kubo formula, we have derived 
the expression of the incoherent conductivity (Tine be- 
yond the Eliashberg's transport theory, and found that it 
give a qualitatively important contribution in k- (BEDT- 
TTF) 2X and in high-Tc cuprates at higher temperatures, 



7 



where ~ T is realized. It also give the appropriate 
temperature dependence of i?H- 

We have calculated both p and i?H based on the FLEX 
approximation for U = Q 10, without assuming any 
fitting parameters. The obtained ?7-dependences for p, 
i?H and cot6'H explain well the experimentally observed 
pressure dependences. In conclusion, many essential elec- 
tronic properties of k-(BEDT-TTF)2X, expecially both 
the anomalies of transport phenomena and the phase di- 
agram, are explained well from the standpoint of the 
nearly AF Fermi liquid state. We stress that further 
observations under the constant volume condition are 
highly demanded for organic metals to make a mean- 
ingful comparison between theory. 
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APPENDIX B: THE MORE PRECISE 
TIGHT-BINDING MODEL FOR k-(BEDT-TTF)2X 



APPENDIX A: IMPORTANCE OF THE 
INCOHERENT CONDUCTIVITY 

In this appendix, we numerically show the important 
role of (Tine to get the reasonable behaviors of p and 
i?H . Figure shows the temperature dependence of the 
Hall coefficient and the resistivity, p = l/((Teoh + fine), 
p' = l/(Teoh and Prta = I/ctrta, respectively. Here, 
fRTA is given by replacing Jj. with in creoh7 which is 
equal to the result from the relaxation time approxima- 
tion. We find that (i) p' > Prta because of the VC's 
for the current, and (ii) p < p' because of (Tine, which 
becomes dominant especially at higher temperatures. As 
a result, p < prta is realized at higher temperatures. 
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In real k-(BEDT-TTF)2X systems, there are two 
pairs of closely-packed BEDT-TTF molecules in a unit 
call, and only the bonding-orbit of each closely-packed 
molecules contributes to make the Fermi surface. By 
taking the results of the band-calculations into account, 
we get the effective tight-binding model for k-(BEDT- 
TTF)2X as shown in Fig. ^, where there are two sites 
(a,b) in a unit cell. Each site corresponds to a closely- 
packed BEDT-TTF molecules. This model becomes 
equal to the anisotropic triangular lattice model given 



by Fig. 1^ if we put i\ 
(a) 



t\ ^t2^t'2=t and ta = t'. 




a 



/b\ /b\ 




FIG. 8. 

(a): The effective model for k- (BEDT-TTF) salts with 
two-sites in a unit cell {a,b). The hopping parametepi of 
this model are given by the parameters in Fig.l of Ref.til as 
ti = {p + q')/2, t[ = {p + q)/2, = (p' + g)/2, t[ = {p' + q')/2, 
and ts = 62/2, respectively, (b): The Fermi surface for 
ti ^ t'l ^ t2 = t'2 = 1 (full line), and for ti = t'2 ^ 1.1 
and t2 = t'l = 0.9 (broken line), respectively. In both cases, 
is = 0.7. Note that the former is equivalent to Fig.l in the 
extended zone representation. 
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The dispersion of the tight-binding model given by Fig. 
I for [/ = is derived as = 2tz cos ky ± [tl + t'-y^ + 
tl + + 2{tit'^ + t2t'2) cos ky + 2{t[t2 + tit'2)coskx + 
2tit'2Cos{kx + ky)-\'2t'-^t2Cos{kx — ky)Y/'^. When \ky\ = tt, 
then - = 2[(ti - t;)^ + {t^ - t'^fYl'^. This means 
that the Fermi surface sphts around the hot spots when 
tl 7^ t'l or t2 7^ t'2, which is reahzed in many systems. 
(However, both ti — t[ and ^2 = t'2 are iSatisfied exactly 
in some compounds exceptionally, e.g.,c3.) This split- 
tings of the Fermi surface at the hot spots will not affect 
the temperature dependence of i?H at low temperatures, 
as discussed in SIII. 
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